Ancient tetraploidies are found throughout the eukaryotes. After duplication, one copy of each duplicate gene pair tends to be lost (fractionate). For all studied tetraploidies, the loss of duplicated genes, known as homeologs, homoeologs, ohnologs, or syntenic paralogs, is uneven between duplicate regions. In maize, a species that experienced a tetraploidy 5-12 million years ago, we show that in addition to uneven ancient gene loss, the two complete genomes contained within maize are differentiated by ongoing fractionation among diverse inbreds as well as by a pattern of overexpression of genes from the genome that has experienced less gene loss. These expression differences are consistent over a range of experiments quantifying RNA abundance in different tissues. We propose that the universal bias in gene loss between the genomes of this ancient tetraploid, and perhaps all tetraploids, is the result of selection against loss of the gene responsible for the majority of total expression for a duplicate gene pair. Although the tetraploidy of maize is ancient, biased gene loss and expression continue today and explain, at least in part, the remarkable genetic diversity found among modern maize cultivars. genome evolution | paleopolyploidy | synteny
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genome evolution | paleopolyploidy | synteny G enomes that have experienced ancient polyploidy show nonequivalence between duplicated genomic regions. The most easily observed aspect of this nonequivalence is that one copy of a duplicated region will retain more genes, whereas the other copy of that same region will lose more genes, a phenomenon known as fractionation bias. This bias in gene loss and retention between duplicated genome segments has been observed in Arabidopsis (1) and, more recently, in maize (2, 3) and is probably a general characteristic of posttetraploid eukaryotic genomes (4) . Although the proximate mechanism of gene loss following the whole-genome duplication in maize has been shown to be a short deletion mechanism (2) , this mechanism does not explain why genes from one genome segment should be more likely to be lost than their homoeolog (homeologs, ohnologs, and syntenic paralogs are synonyms) in the duplicate region of the genome.
A second form of nonequivalence between duplicated regions, in fact between whole genomes, has been shown in studies of more recent allotetraploid species. Wang et al. (5) , in the laboratory of Z. J. Chen, used 70-mer oligo microarrays to measure gene expression differences in a synthetic allotetraploid of Arabidopsis thaliana and Arabidopsis arenosa and compared these results with midpoint values of gene expression in the two parents. They showed that genes originating from A. arenosa tend to dominate over homoeologous genes from A. thaliana by contributing more to total gene expression in the allotetraploid. The same pattern of genome dominance was observed for the recent natural allotetraploid Tragopogon miscellus, a species estimated to have originated less than 80 y ago (6) . The laboratories of W. B. Barbazuk and D. E. and P. S. Soltis sequenced leaf RNA from T. miscellus and found that the higher expressed members of differential expressed gene pairs were more likely to carry SNPs shared with Tragopogon dubius than with the other diploid parental species, Tragopogon pratensis (7). Tetraploid cotton species originated in an allotetraploid event between diploid species carrying A and D genomes with an estimated age of 1 and 2 million years (8) . Data from these species provide evidence that genome dominance persists over much longer time scales. L. E. Flagel and J. F. Wendel used petal RNA hybridized to microarrays with probes specific to genes originating in the A or D cotton genome to show that although many gene pairs are expressed contrary to the prevailing pattern, genes originating in the D genome are more likely to contribute a majority of total gene expression than their homoeologs from the A genome in five allotetraploid cotton species and a synthetic hybrid between diploid cotton species containing the A and D genomes (9) .
Genome dominance has not been observed in studies of any of the more ancient plant tetraploidies. Studies of the expression patterns of homoeologous gene pairs originating from the Arabidopsis α-tetraploidy, estimated to have occurred 25-40 million years ago, found no systematic pattern of dominant expression (10) . Similarly studies of gene expression patterns across homoeologous regions in rice, originating from a duplication estimated to have occurred 50-70 million years ago (11) , report no evidence of genome dominance (12) . It appears that homoeologous gene pairs in both rice and Arabidopsis are often differentially expressed (10, 13) . It should be noted that the ability of these studies to resolve subtle differences was limited by the inability to assign duplicated segments to specific ancestral genomes; thus, analyses were carried out on individual homoeologous segments.
We use comparative analysis of the maize and sorghum genomes to examine the differentiation of duplicated genomic regions following the maize tetraploidy. Both grass species are members of the tribe Andropogoneae, and the genomes of both species have been sequenced (3, 14) . The lineage leading to maize experienced tetraploidy sometime after the divergence of the two lineages, whereas sorghum remained diploid. An unduplicated outgroup is essential for identifying highly fractionated duplicate genome segments as well as for differentiating between recently transposed genes and genes lost from one duplicated segment but retained in the other (15) . The two genomes of maize split from each other ∼12 million years ago, contemporaneous with but following the split between the maize and sorghum lineages, as the result of either autotetraploidy or allotetraploidy (16) . The maize tetraploidy, which combined both genomes within one nucleus and began the process of genome fractionation, occurred between 5 and 12 million years ago (3, 16) . The genome of maize shows evidence of ongoing gene loss (2) , making it an excellent model to study the mechanism of differentiation between duplicated genomic regions.
We show that fractionation bias results from the differentiation of entire ancestral chromosomes and suggest that this chromosomal differentiation reflects differences between the two pa- rental genomes, with one genome being dominant at the level of gene deletion resistance and RNA expression. Biased loss of genes does not appear to be a result of inherent differences in deletion rates between homoeologous regions, because "silent" deletions, deletions in DNA that are usually without specific function, such as those from introns and retrotransposons, show no bias between ancestral chromosomes. Given the correlation observed between the subgenome, which dominates expression in maize, and the ancestral chromosomes, which have experienced less gene deletion, we propose that deletions of duplicate genes from the less frequently expressed subgenome may be less likely to result in reduced fitness. This hypothesis makes sense in light of the gene balance hypothesis, as will be discussed. Following tetraploidy, deletions from one subgenome would be more likely to be removed by purifying selection, whereas deletions from the opposite subgenome would be more likely to be selectively neutral.
Results

Reconstruction of Chromosome Level Organization in the Newly
Tetraploid Ancestor of Maize: Defining Two Subgenomes. It was inferred from multiple studies that the ancestral genome of the Andropogoneae consisted of 10 chromosomes. The genome of sorghum is presumed to have approximately retained this ancestral arrangement, whereas the 10 chromosomes of maize represent a reduction from a 20-chromosome tetraploid ancestor by chromosome fusion (17, 18) . Given the small total divergence time between maize and sorghum and the fact that tetraploidy can temporarily increase the frequency of genome rearrangements (19), the sorghum genome was treated as representative of the genome organization of both diploid genomes present in the initial tetraploid ancestor of maize.
Using whole-genome dot plots color-coded by synonymous base pair substitution rates ( Fig. 1 , plotted using CoGe software), it is possible to reconstruct the original duplicate regions within the maize genome on the basis of orthology to the 10 sorghum chromosomes (SI Appendix, Table 1 ). The synonymous substitution rates of individual gene pairs do not permit genes to be unambiguously classified as orthologs or ancient homoeologs. The median synonymous substitution rate of all gene pairs in a syntenic block between maize and sorghum can be used to classify syntenic blocks of 12 or more genes unambiguously as orthologous or homoeologous, however ( Fig. 1 and SI Appendix, Fig. 1 ).
Inversions and other intrachromosomal rearrangements are presumed to be more common than translocations between different chromosomes. Therefore, segments of a maize chromosome orthologous to the same sorghum chromosome are assumed to come from the same chromosome copy in the tetraploid ancestor maize. For five sorghum chromosomes at least, both full ancestral copies can be reconstructed in the maize genome using this method. For the remaining five, one full ancestral copy was reconstructed based on all orthologous segments being present on a single maize chromosome and the remaining orthologous segments located on two or, in one case, three maize chromosomes were grouped together by process of elimination (SI Appendix, Table 1 ). There are no cases in which both duplicate copies of the region were located on the same chromosome. Our assumptions and reconstruction are largely concordant with previous ancestral reconstructions of the maize genome (17, 18) .
For each pair of reconstructed chromosomes, one copy retained substantially more syntenic genes than the other. Bias in gene loss between pairs of reconstructed chromosomes was consistent across their entire lengths (Fig. 2) . For each pair of chromosomes, the copy that possessed a greater number of unique genes retained orthologously in both rice and sorghum was assigned to the maize1 subgenome, whereas the pair with fewer uniquely retained genes was assigned to the maize2 subgenome. Gene counts and the statistical significance of the differences between copies are listed in SI Appendix, Table 1 . Individual maize genes or gene pairs and their identified orthologs in rice and sorghum are listed in Dataset S1. Maize1 and maize2 each constitute a genome orthologous to the entire sorghum genome. The distribution of these two genomes across the 10 modern chromosomes of maize is displayed in SI Appendix, Fig. 2 .
Ongoing Fractionation Among 33 Zea mays Accessions Remains
Biased. Using only maize genes with retained syntenic orthologs in both sorghum and rice, we constructed two lists of high-confidence genes, the list of retained homoeologs from the maize duplication and the list of genes for which it was possible to say with high confidence that the duplicated copy was lost from the genome (singleton genes). These lists will be referred to as "retained homoeolog" and "lost homoeolog." Each of these gene lists is further subdivided into maize1-specific and maize2-specific lists of genes. A complete description of the criteria used to identify these two high-confidence gene sets is included in Methods. There is no significant difference in the annotated length of coding or noncoding sequences between homoeologous copies of genes retained in both maize1 and maize2 subgenomes (SI Appendix, Fig. 3 ). Orthologs from the maize sorghum split were distinguished from homoeologs from the pregrass duplication by the synonymous substitution rate (Ks). Orthologs are marked in purple (lower Ks), and pregrass homoeologs are marked in teal (higher Ks). The regions making up one complete ortholog of each sorghum chromosome in the maize genome are circled in blue, and the regions making up the other complete ortholog are circled in red. The original dot plot from which this figure was created was produced using CoGe software and can be regenerated at http://tinyurl.com/2am77tn by clicking "Generate SynMap."
A recently published dataset documents the presence/absence variation (PAV) of genes among 19 diverse maize inbreds and 14 teosinte lines using carefully controlled comparative genomic hybridization (20) . Among our high-confidence lost homoeolog gene sets, equal percentages of maize1 and maize2 genes were identified as lost from the genomes of one or more inbreds. Among our high-confidence retained homoeolog gene set, however, significantly more of the genes located on maize2 were identified as lost from one or more inbreds than were the duplicate copies of those same genes located on maize1 (P = 0.0043, χ 2 test; df = 2) (Fig. 3A) . PAV data indicate that ongoing fractionation remains biased in modern maize inbreds.
Maizesequence.org has released at least two sets of gene annotations. The filtered gene set (FGS) contains ∼32,000 genes considered to be of higher confidence, whereas the working gene set (WGS) contains over 100,000 genes, including the genes of the FGS as well as many likely pseudogenes, gene fragments, or transposon-related proteins. Genes unique to the WGS have a similar distribution to those genes that show PAV between maize inbreds. Ongoing fractionation by short deletions has been shown to produce truncated gene fragments before their complete removal (2), exactly the sort of sequence that might be annotated as a gene but excluded from the FGS. The distribution of genes found only in the maize WGS supports the conclusion that biased fractionation in the maize genome is ongoing. First, syntenically retained working set genes are more likely to possess a retained homoeolog, which is presumably the undamaged full-length gene copy (Fig. 3B) . Second, in these cases, the low-confidence gene found only in the WGS is more likely to be the copy located in the maize2 subgenome (Fig. 3B) . The work described in this section is the only portion of our study in which we did not exclude the lowconfidence genes found only in the WGS.
Deletions Within Noncoding Sequences Show No Bias Between Maize1
and Maize2. Maize1 and maize2 subgenomes cover significantly different fractions of the total maize genome: 1.26 gigabases and 0.75 gigabases, respectively. Because coding sequences of annotated genes, including the WGS, account for less than 5% of Fig. 2 . Biased fractionation is observed for each reconstructed, or "sorghumized," pair of maize ancestral chromosomes. Bias is measured as the number of conserved genes out of 100 in a sliding window (black bars) of genes conserved syntenically between sorghum and rice (y axis) and is displayed based on the gene order along sorghum chromosomes (x axis). Conservation of genes on reconstructed chromosomes assigned to maize1 is shown in blue. Conservation of genes on reconstructed chromosomes assigned to maize2 is shown in red. The proportion of genes retained on both reconstructed chromosomes is shown in green.
the total maize genome and transposons account for 85% (3), this bias in total genomic size would seem to imply that biased fractionation acts on all genomic DNA and not simply on coding sequences. The lengths of both coding sequences and noncoding sequences in high-confidence retained homoeologous pairs on maize1 and maize2 are not significantly different, however (SI Appendix, Fig. 3 ). An analysis of 561 maize1 and maize2 introns that could be completely aligned to the orthologous sorghum intron identified an average of 6.03 deletions per intron in maize1 genes and 6.09 deletions per intron in the homoeologous maize2 genes (SI Appendix, Table 2 ). A similar analysis of deletions within copies of three of the largest families of retrotranposons within the maize genome, Huck, Opie, and Ji, which had inserted into the maize1 or maize2 region of the genome found no difference in deletion frequencies for maize1 vs. maize2 relative to an ancestral sequence for each family created from an alignment of multiple annotated transposon copies (SI Appendix, Fig. 4 and Table 3 ).
Expression Differences Between Maize1 and Maize2 Homoeologous
Genes. Gene expression was measured for all genes included in the maize WGS from the sequenced maize inbred B73 (3) and RNA-Seq data from four independent previously published datasets (21-24) (SI Appendix, Table 4 ). Expression data were calculated in units of frequency of aligned reads per kilobase of exon per million reads (RPKM) using the Bowtie (25) and Cufflinks (26) packages. Cufflinks distributes reads that were found to be aligned equally well to multiple gene models proportional to the relative expression rates for those genes calculated from reads with only one best alignment (26) This combination of programs allows us to deal with the ambiguity created by the small fraction of sequences that align equally well to both homoeologs within the maize genome.
The expression of gene pairs included in the high-confidence retained homoeolog set described above was compared using each expression dataset. In each dataset, the number of pairs in which the maize1 homoeolog dominated total gene pair expression outnumbered the number of pairs in which the maize2 homoeolog dominated expression. This bias was robust, appearing whether we defined dominance as any measurable difference in expression (SI Appendix, Fig. 5 ), at least a twofold difference in homoeolog expression (Fig. 4) , or a fourfold difference in homoeolog expression (SI Appendix, Fig. 6 ). The bias toward gene pairs dominated by expression of the maize1 copy remains consistent across a range of cutoffs for the expression of the nondominant homoeolog. At cutoffs as high as 30 RPKM for the less frequently expressed gene copy, maize1 homoeologs continued to disproportionately dominate expression in all parts of the maize plant examined (SI Appendix, Fig. 7 ). Biased expression is also observed when examining individual pairs of reconstructed chromosomes (SI Appendix, Fig.  8 ), which are effectively independent replicates of our experiment. The median difference in expression between homoeologs ranges from 1.8-to 2.8-fold in different expression datasets. In every expression dataset, the median difference between homoeologs in which the maize1 gene is expressed at a higher level is marginally higher than the median difference for the pair in which maize2 is expressed at a higher level (SI Appendix, Table 5 ).
Discussion
Biased gene loss is clearly not a transient phenomenon that occurred only in the early generations following tetraploidy in maize. Rather, biased gene loss is a reflection of a significant differentiation of two complete subgenomes within a tetraploid lineage, and these differences are stably inherited over millions of generations. The link we observe between the biased gene loss and biased expression is likely not unique to the maize tetraploidy. A recent study of a 1-megabase region of the common bean (Phaseolus vulgaris) and the two co-orthologous regions of the soybean genome also found that the homoeologous region with more syntenically retained genes tended to be expressed at higher levels (27) . Although we have shown that bias in the loss of duplicate gene copies continues in the maize lineage, as it presumably has for the past several million years, evidence from deletions in introns and retrotransposons suggests that this bias is not the result of fundamentally different frequencies of sequence deletion between maize1 and maize2 chromosomal segments. The equivalent deletion rates we observe for both subgenomes is concordant with our finding that single-copy genes on either subgenome are equally likely to be identified as showing PAV between inbreds.
Our data suggest a model in which deletions in both maize genomes occur at the same overall rate, but purifying selection is (24) . All P values were calculated using cumulative binomial distributions assuming an equal chance of gene copies on maize1 or maize2 dominating total expression for the gene pair. more likely to remove deletion alleles of higher expressed duplicate copies from the population, whereas the loss of less frequently expressed homoeologs is more likely to be selectively neutral or near-neutral when the higher expressed copy remains present in the genome. This model is consistent with selection against changes in the balance of gene products, as reviewed elsewhere (28) (29) (30) (31) . Our model states that smaller changes in total gene pair expression (maize1 transcript + maize2 transcript) are more likely to be tolerated than larger changes. The removal of a singleton gene, whether it is located in maize1 or maize2, involves the complete loss of that gene product. Because the effect of the loss of a singleton gene would be the same regardless of genomic location, no bias would be predicted for these genes, and we detected no bias. Our control experiments showing that deletions within transposons and most deletions within introns are unbiased between maize1 and maize2 demonstrate that maize1 and maize2 have no inherent difference in mutability. This result is consistent with our model that biased fractionation is a result of purifying selection acting preferentially against deletion alleles of gene copies that contribute more to total gene pair expression.
There are precedents for the idea that changes in total gene product dosage often lower fitness. Genes encoding proteins with more interaction partners, such as protein kinases and phosphatases, or subunits of complex machines, such as ribosomes, proteasomes, and motors, are predicted (32) to be more dosagesensitive, and these are precisely the classes of genes that are more likely to be retained as homoeologous pairs following tetraploidy (1, 10, 33, 34) . Greater changes in total gene product dosage have also been shown to be more likely to have a negative impact on fitness in the absence of tetraploidies. For example, the loss of highly expressed gene copies in yeast has been shown to be more likely to have a significant impact on fitness than the loss of their less frequently expressed paralogs (35) . Knockouts of duplicate genes in yeast with similar levels and patterns of expression, those presumed to be the most dose-sensitive, have been shown to share similar patterns of epistatic relations, demonstrating that the loss of either equally expressed duplicate gene has an impact on function in a similar way (36) .
Although the maize lineage tetraploidy occurred 5-12 million years ago, the latest transposon blooms in maize occurred only in the past few million years (3, 37) . It is conceivable that the gene contents of maize1 and maize2 genomes were already significantly different at the time of this most recent transposon bloom. Opie and Ji have both been preferentially shown to insert into heterochromatin near genes (38) , suggesting that transposons insertions will tend to track total gene content over time. We hypothesize that transposons inserted into maize1 and maize2 in approximate proportion to the gene content of these regions. If this were indeed the case, the difference in mobile dispensable DNA between the two genomes is simply an artifact of preexisting differences in gene content. Further experiments are necessary to evaluate fully the degree to which selection can explain the many differences between the two maize genomes, but it is remarkable that selection frequently differentiates between relatively minor levels of gene expression. The general concept of expression thresholds, so common in discussions of allelic dominance and recessiveness, has not proven useful in interpreting our data.
The explanation of biased fractionation by genome dominance leaves unanswered the question of the mechanism behind the origin and maintenance of genome dominance. The most likely candidate remains differential epigenetic marking of genomes within an allotetraploid. Allotetraploidy has been shown to produce epigenetically inherited differentiation of parental genomes (5, 39, 40) . There is no conclusive evidence to support either an auto-or allotetraploid origin for maize, although one study found that ZFL2 may be more closely related to orthologs in the Andropogoneae genera Coelorachis and Elionurus than to the duplicate homoeolog in maize ZFL1 (41) . Although there is currently a dearth of highquality epigenetic data for maize available in published literature, ongoing research projects are likely to remedy this situation in the near future, thereby illuminating the mechanism responsible for differentiation of maize1 and maize2 gene copies.
Whatever the mechanism, an event occurred early in the process of tetraploidy that differentiated the two parental genomes of maize, maize1 and maize2. We have shown that these differences have persisted through millions of generations and continue to have an impact on both gene expression and the pattern of ongoing gene loss in maize. Ongoing fractionation by the mechanism we describe here provides an explanation as to why Zea mays is particularly genetically diverse.
Methods
Identification of Orthologous and Homoeologous Genes. Syntenic blocks were identified between and within grass genomes using the SynMap application within CoGe, an online comparative genomic toolbox (42) . Syntenic blocks were assigned to specific evolutionary events, either speciation (orthology) or whole-genome duplication (homoeology) based on the median synonymous substitution rates of genes within a syntenic block. Maize genes scored as orthologous to sorghum genes were assigned to reconstructed ancestral chromosomes according to the arrangement shown in SI Appendix, Table 1 .
Identification of High-Confidence Retained Homoeolog and Lost Homoeolog Genes. High-confidence genes were considered to be the subset of the maize FGS with annotated start and stop codons whose gene models were supported by expression data (cDNA and/or EST; 27,313 of the 32,540 genes in the maize FGS satisfied these criteria). We further required that it be possible to identify a retained syntenic ortholog in both the rice and sorghum genomes (14,855 of the 27,313 genes) and a recognizable homoeologous location within the maize genome (13,844 of 14,855 genes). Genes with a history of tandem duplication in rice, sorghum, maize1, or maize2 were eliminated from the analysis because these genes are expected to show greater rates of copy number variation, create problems for comparative expression studies, and confuse all arguments involving selection (9,536 of 13,844 genes). Finally, two high-confidence sublists were created. High-confidence retained homoeologous pairs are those pairs in which there are genes that satisfy all the above criteria and are present at both locations in the genome (1,750 genes in both maize1 and maize2). High-confidence no-homoeolog genes are those that satisfy all the above criteria, excluding those genes in which a homoeologous working set or other low-confidence gene is present at the homoeologous location in the genome as well as those genes in which an unannotated syntenic blast hit was detected as the homoeologous location in the genome (3,617 genes located in maize1 and 1,577 genes located in maize2). A total of 842 genes satisfying all these criteria were disqualified from inclusion in either the high-confidence retained homoeolog or high-confidence no-homoeolog list because of a homoeolog made ambiguous by being either a low-confidence gene or unannotated syntenic blast hit.
Calculation of Gene Expression Levels. Gene expression data were calculated from mRNA-Seq data published by four different laboratories (laboratories of X. W. Deng, T. P. Brutnell, P. S. Schnable, and D. Jackson) (21-24) (SI Appendix, Table 4 ). For all expression sets except immature ears, reads were aligned to the maize genome using Bowtie, allowing one mismatch per read and disregarding reads with more than two best alignments (25) . Expression values were calculated in units of RPKM with Cufflinks (26), using the published annotations of the B73 refgen_v1 working gene list (3) . Immature ear expression data were generated using a digital gene expression technique. For this expression dataset, collapsed reads were aligned to the genome using Bowtie, disregarding all alignments with one or more mismatches and all alignments with more than one unique alignment in the genome. Expression values for each gene were calculated as the sum of the number of reads represented by each collapsed read mapping within a window starting 300 bp upstream of the start of the gene model and extending 300 bp downstream of the gene model. Final gene expression values were calculated in units of reads per million reads.
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